Abstract-Desorption of a component from a gas mixture being injected through a submerged nozzle, during the bubble formation stage, is tlieoretically studied. The solute is assumed to suffer an instantaneous reaction on the liquid side, the reaction plane being on the liquid/gas interface. The volume elements on the gas bubble are assumed to result from a forced surface renewal coupled with a natural surface renewal, both achieved via gas elements with fresh composition. A surface residence time distribution is thus obtained, and desorption rates are calculated fram the relevant variables, assuming non-steady state, unidimensional diffusion in a semi-infinite medium as the main mass transfer mechanism. Comparison of the model with experimental data is reported, physical evidence being predicted better than with previous models.
INTRODUCTION
THEDESORPTION of a component from a gas mixture by bubbling the gas through a reacting liquid has been widely used in chemical engineering practice, for the mass transfer rates are very high. This phenomenon is mainly due to the absence of mass transfer resistance on the liquid side, provided the reaction is assumed instantaneous [1] and the reaction plane lies on the gas/liquid interface.
As pointed out by Rocha and Guedes de Carvalho [2] , the mass transfer from bubbles occurs mainly during bubble formation, the contributions for mass transfer arising from the bubble rise stage and the bubble staying in the surface foam being usually negligible. Therefore, mathematical simulation of the gas bubble behaviour during formation will enable the global mass transfer to be predicted in an approximate way. In typical systems, e.g. NHlair)/HCI(water), formation ofthe bubble accounts for over 95% ofthe total desorption.
Until the present time, some theoretical studies on the mass transfer from bubbles, when the resistance to mass transfer is in the liquid phase, have been presented: Calderbank and Patra [3] measured transfer rates during bubble formation, providing a simple theory for mass transfer based on the idea of Beek and Kramers [4] . An alternative theory, leading to very similar results, was presented by Sherwood et ai. [5] , based on an analysis by Levich [6] . Rocha and Guedes de Carvalho [2] attempted a simulation of the bubble with no resistance to mass transfer on the liquid side, using first principIes in a way similar to Sherwood et ai. [5] . Bird et ai. [7] worked examples of gas absorption from rising bubbles, a similar approach having been successfully used to predict the mass transfer rates during drop formation.
Very little theoretical work has, indeed, been devoted to the understanding of bubble behaviour during formation, from the gas side point ofview.
It is the purpose of this paper to develop a mathematical approach to the phenomena occurring during gas bubble growth using some simple postulates. The concept of two kinds of surface elements is introduced, both of them being generated directly from the gas input stream. Such an assumption leads to an etfective desorption surface area greater than the actual bubble surface area. A residence time distribution can then be obtained which, together with the assumption of non-steady state, unidimensional ditfusion in a semi-infinite medium as the mass transfer mechanism, leads to an analytical formula, quite useful as a tool for the computation ofboth the rate of desorption and the number of moles desorbed during bubble formation.
FORMULATION OF THE PROBLEM
To approach the phenomena existing during bubble birth and growth some postulates are assumed to describe the bubble behaviour. The most important of them are presented as follows.
When gas is injected through a nozzle submerged in a quiescent liquid, a bubble is formed, the gas stream being divided into two portions. ane of them pushes the already existing gas elements on the gasj liquid interface, so making the actual surface area grow; meantime, the other gets mixed with the remaining gas in the bulk of the bubble. The former portion ensures a continuous forced surface renewal, and it increases the total number of gas elements on the surface. The gas elements on the surface undergo a continuous toroidal movement in the direction of the gas flow lines, which causes the older elements to leave the surface and go into the bulk, while new ones, with fresh composition, arrive at the surface. This can be called a continuous natural surface renewal, and it does not modify the total number of gas elements on the surface.
These two kinds of surface renewal mechanisms are depicted in Fig. 1 .
The speed at which continuous natural surface renewal occurs must be proportional to the ratio between the volume occupied by the surface film and the total volume of the bubble, for this ratio is a statistic measure of the gas availability to exist on the surface. This fact can be expressed as
where Vrenis the continuous natural surface renewal speed (dimension: area/time), K a proportionality constant, Asurfthe area of the bubble surface, Vbub the bubble volume and 15 the thickness ofthe gas film over the bubble interface.
When the bubble starts to form, its volume is practically nil, so the existing volume corresponds only to the bubble surface film on the gas side; therefore, the gas elements on the surface are removed at the same speed at which new gas elements arrive. Assuming the constant K does not depend on the bubble volume then equation (1) can be written as QgaSASurf Vren = Vbub (2) where Qgasis the gas volumetric flow rate. The elementary variation of the area occupied by gas elements actually desorbing on the surface, dAtot, is then given by summing up the elementary variation of the bubble surface area due to forced renewal, dAsurf, and the elementary variation of the area due to natural surface renewal, dAren.Using the definition of the continuous surface renewal speeds yields
where t is the time elapsed since bubble birth. Assuming the spherical shape for gas bubbles allows one to write
as long as one makes where g is the acceleration of gravity.
For each gas element on the surface, the desorption takes place from time ti until time tr(t;). This latter value can be obtained from r,,(t;)
for each value of ti, Using the normalized time and a dimensionless area defined by
in equation (8) gives The values of tt(tf) vs tf can be observed in Fig. 2 . The variation of both natural and forced surface renewal speeds is sketched in Fig. 3 .
Normalizing variables in equation (3) 
where A;';,t is the dimensionless counterpart of Ato\" For each bubble age, t*, the surface residence time of the gas element which arrived at the surface at time ti*, ts*(tn, is given by
The upper bound for the surface r.esidence times is found to be
(17) (9) The cumulative residence time distribution at time t* can be expressed as (10) 
The cumulative surface residence time distribution is shown in Fig, 4 
The mean surface residence time is shown in Fig. 2 as a function of t*.
Assume now that the gas elements on the bubble surface remain in a non-steady state of desorption, being described by the equation of diffusion in a semiinfinite medium. Assuming the solute concentration on the liquid side of the gas/liquid interface is nil and the bulk solute concentration in the gaseous phase is the input gas concentration, C o, enables the solute molar flux by diffusion, N, to be calculated via
where Dga,is the diffusivity ofthe solute in the gaseous phase and 4>the time elapsed after arrival of the gas element at the surface. The number ofmoles desorbed per unit area, after a time interval of amplitude t, is computed after integratiol). of equation (24), according to
Nor:malizing the integrated molar flux by the integrated molar flux after a time equal to the global J growth time ofthe bubble, allows N'* to be obtained, defined by
The total number of moles desorbed, n*, since the initial time of bubble formation until bubble age, t*, can be obtained from Using equation (26) According to Piskounov [9] , the defined integral stated above is not expressible as a finite combination of elementary functions. Besides the expansion as a Taylor series about any point within the working interval is not convergent. A reasonable way of overcoming the problem is by expressing (t* -tn 1/2by means of a second-order interpolating polynomial, P,,(t*, tn using three equally spaced interpolating points, t~, t~and t~, detined by t~= (3/5) 
The dimensionless molar flow rate of desorption, n*', is then given by n*'(t*) = 1.2936t* 1/6.
(34) The variation of both n* and n*' vs t* may be observed in Fig. 5 . Using equations (7), (9), (25) which means n* is the total number ofmoles desorbed after a given time since bubble birth, normalized by the total number of moles that would be desorbed since bubble birth until bubble release if all the effective desorption area were constant and equal to the actual surface area of the bubble at bubble release, and if the molar flux were the same for all gas surface elements, at each time.
The detinition of n* is a natural consequence of the steps followed in the derivation. Nevertheless, the number of moles desorbed is often normalized by the number of moles fed to the forming bubble, since bubble birth until bubble release. Using the notation n** for this dimensionless variable, it follows that (29) Using equations (7) and (35) due to diffusion flow, to the bulk solute molar flow. The variable n** is plotted vs t* in Fig. 6 . The values for n** as predicted by the developed theory, and via a previous theory and an empirieal correlation [2] are plotted in Fig. 7 , as n** vs Qg.., assuming Dgas= 0.222 em2 S-1 andg = 980 em S-2.
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CONCLUSIONS AND DISCUSSION
For bubbles of moderate size growing at a nozzle tip submerged in a liquid, with no surfaee-aetive agents, the gas in the bubble undergoes a toroidal circulation, as suggested by Bird et ai. [7] .Sueh surface gas streams get mixed in the bulk of the bubble after completion of the to roidaI surface movement, so the concentration gradient in the bulk tends to be negligible when compared to the concentration gradient on the surface filmo It should be noted that the diffusion layer near the bubble surface is relative1y thick on the gas side; also, significant gas circulation is present inside the bubble, so the gas elements remain on the surface for short times [2] . Diffusion in non-J steady state conditions is, thus, likelyto be the most , important contribution to the overall mass transport phenomenon. Besides, the surface gasfilm remains relatively stagnant [7] , so it can be assumed to be in laminar flow and to maintain its identity. Dilute gas mixtures are"usually used in industrial practice, so the molar flux of solute resulting from the bulk motion of the fluid remains at very low leve1s [10] , even if the solute is totally removed by chemical reaction. Therefore, the model developed does not fail for only considering Fick's law in its simplest expression.
The mass transfer rate between adjacent gas elements on the surface is negligible, due to the very small contacting area and concentration gradient, when compared to the mass transfer rate in the radial direction, where the largest contacting areas and steepest gradients occur. The assumption of a unidimensional field of concentrations is then acceptable.
The equation ofDavidson and Schüller [8] was used because it approximates experimental data reported elsewhere [2] c1ose1yenough and it has a physical basis.
A generallook over equations (37) and (38) shows that the larger the volumetric flow rate or the lower the solute diffusivity in the gas mixture, the less the fractional solute desorption achieved, which agrees with physical evidence. However, very large values for Po would lead to amounts of solute desorbed higher than those fed to the nozzle, as stressed by extrapolation on Fig. 6 . This drawback in the prediction procedure has been reported elsewhere [2] , but is as low as about 5 cm 3 s-I for the system NH/air)jHCI(water), being mostly accounted for by the lack of validity of the assumptions made (especially the non-steady state for diffusion in a semiinfinite medium).
The increase of desorption due to a larger number of elements on the surface tends to be balanced by the decrease of the continuous natural surface renewal speed. In fact, the mean surface residence time tends to get larger as the bubble grows (see equation (23)), and larger desorption times mean lower desorption rates, as emphasized by equation (24).
It can be stated from equation (14) that the effective area that suffered desorption for any time interval during the bubble growth is two and a half times larger than the actual bubble surface area: This larger area of desorption, which is not apparent from previous models, may help to account for the enhanced rates of mass transfer. In fact, the simple theory developed predicts accurately the desorption at not too low gas flow rates, but underpredicts the rates of transfer for higher gas flow rates, according tothe empirical correlation presented elsewhere for the system NH/air)jHCI(water) [2] . It leads, however, to theoretical values for the fractional number of moles desorbed (n**) c1oser to the experimental values than the ones obtained from the simulation using first principIes, as reported by Rocha and Guedes de Carvalho [2] (see Fig. 7 ). The high deviations found for large gas flow rates are mainly due to the disruptive presence of the injection nozzle and bubble formation with tearing, the turbulence resulting from the strong coalescence during continuous bubbling; these phenomena are not easy to simulate. The decrease of mass transfer rate with the increase of gas flow rate or the decrease of solute diffusivity in the gas phase is, nevertheless, qualitatively predicted. The fact that larger effective desorption areas lead to results c1oser to experimental data, coupled with the same functional relationship found using two different methodsõ f derivation, suggests that more involved patterns for the gas circulation inside the bubble will eventually be able to predict the overall behaviour for instantaneous chemical absorption from bubbles. Enhanced rates of mass transfer are then understood as a result of extended areas available for mass transfer. 
